ABSTRACT The relation between pulmonary function, cigarette smoking, and exposure to mixed respirable dust containing silicon carbide (SiC), hydrocarbons, and small quantities of quartz, cristobalite, and graphite was evaluated in 156 SiC production workers using linear regression models on the difference between measured and predicted FEV, and FVC. Workers had an average of 16 (range 2-41) years of employment and 9-5 (range 0-6-39 7) mg-year/m3 cumulative respirable dust exposure; average dust exposure while employed was 0-63 (range 0-18-1-42) mg/m3. Occasional, low level (< 15 ppm) sulphur dioxide (SO2) exposure also occurred. Significant decrements in FEV, (8-2 ml; p < 0 03) and FVC (9.4 ml; p < 0-01) were related to each year ofemployment for the entire group. Never smokers lost 17-8 ml (p < 0 02) of FEV, and 17-0 (p < 0-05) of FVC a year, whereas corresponding decrements of 9 1 ml (p = 0.12) in FEV, and 14.4 ml (p < 002) in FVC were found in current smokers. Similar losses in FEV, and FVC were related to each mg-year/m3 of cumulative dust exposure for 138 workers with complete exposure information; these findings, however, were generally not significant owing to the smaller cohort and greater variability in this exposure measure. Never smokers had large decrements in FEV, (40 7 ml; p < 0 02) and FVC (32-9 ml; p = 0-08) per mg-year/m3 of cumulative dust exposure and non-significant decrements were found in current smokers (FEV,: -7 1 ml; FVC: -1 1-7 ml). A non-significant decrement in lung function was also related to average dust exposure while employed. No changes were associated with SO2 exposure or an SO2 dust interaction. These findings suggest that employment in SiC production is associated with an excessive decrement in pulmonary function and that current permissible exposure limits for dusts occurring in this industry may not adequately protect workers from developing chronic pulmonary disease.
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Silicon carbide (SiC, Carborundum) is a widely used abrasive material manufactured by heating high purity crystalline silica, petroleum coke, and sawdust at 2200°C for 36 hours by direct electric current passed through a graphite conductor. Heating causes the reduction of silica by carbon in the coke to form SiC and large quantities of carbon monoxide. Sulphur, an impurity in the coke (2-4%), is released as sulphur dioxide gas (SO2). Various hydrocarbons are also released during pyrolysis of the petroleum coke which is similar to the destructive distillation of coal.
Workers employed in manufacturing SiC may therefore be exposed to several contaminants Accepted 24 October 1988 including dusts of silica, SiC, graphite, polycyclic hydrocarbons, and gases of SO2 and carbon monoxide.
Despite widespread use and known toxic properties of some of these substances, there are few published studies concerning the respiratory effects of airborne exposures in this industry. Bruusgaard described radiographic densities on chest x ray films and a restrictive pattern of pulmonary function loss in 12 of 32 workers from a SiC production facility in Norway.' Two workers were disabled by second stage pneumoconiosis and pronounced reductions in vital capacity. More recently, Gauthier et al evaluated 68 Quebec SiC production workers who were referred to workmen's compensation for respiratory complaints.2 They found a highly significant relation between Pulmonaryfunction decline in SiC workers duration of exposure and radiographic changes (nodular and linear opacities; pleural thickening), although lung function changes were limited to smokers. Finally, in 1984 Peters et Osterman found in current smokers (-7-3 ml per pack-year, p < 0 05) and a smaller decrement was found for exsmokers (-2-6 ml per pack-year, p > 0 10).
After adjusting for age, height, and cigarette smoking by simultaneously regressing pack-years and exposure on the difference between measured and predicted pulmonary function, we found a statistically significant loss of 8-2 ml of FEV, and 9 4 ml of FVC per year of employment in SiC manufacture for the entire study group (table 7) . This decrement was greatest in never smokers (-17-8 ml a year for FEV, p < 0-02 and -17 0 ml a year for FVC p < 0 05). Current smokers also showed significant work related FVC decrement (-14-4 ml a year, p < 0 02) as well as a non-significant decrement in FEV,. Ex-smokers had a non-significant loss ofpulmonary function related to duration of employment. Cumulative dust exposure was associated with losses in FEV, and FVC similar in magnitude to findings related to duration of exposure but which were not statistically significant in the entire study group. For never smokers, a large and significant loss in FEV, was related to cumulative dust exposure (-407 ml per mg-year/m3, p < 002), as was an important and nearly statistically significant decline of FVC (-32-9 ml per mg-year/m3, p = 0-08). Cumulative dust related losses in pulmonary function for current smokers were similar to findings related to duration of exposure but were not statistically significant. Ex-smokers showed non-significant improvements in pulmonary function related to cumulative dust exposure. Small, non-significant declines in FEV, and FVC were associated with average dust exposure while employed; however, these changes were inconsistent across smoking categories. Lung function changes associated with cumulative and average SO2 exposure were not statistically significant. Although never and current smokers showed non-significant cumulative SO2 related lung function decline, this relation disappeared when dust and S02 were included simultaneously in regression models. Moreover, no significant SO2 dust interaction effects were found.
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To verify whether the exposure related effects found in this study group were due to exposures occurring before 1962 when technological improvements were introduced to the plant, we compared workers having more than 20 years experience with those having fewer (table 8) . Both groups showed similar FEV, and FVC changes per year of employment in the industry.
Sixty eight members of our study group had previously worked in one or more dusty trades, including 10 former miners or quarrymen, nine former forestry workers, 33 textile workers, four shipyard workers, 17 in the construction trades, and 13 in assorted other industries. When FEV, and FVC for 714 these workers were compared with findings for the remaining 88, only minor non-significant differences were found. We also examined pulmonary function in workers formerly employed in each of these dusty trades. Only miners and quarrymen had mean values for FEV, and FVC significantly lower than the group average, largely resulting from two workers with poor lung function who had more than 30 years experience in SiC manufacture and only two years as miners or quarry workers. After adjusting for cigarette smoking, no trends were found for FEV, or FVC relative to duration of work in other dusty trades.
Discussion
In this study we observed a statistically significant, restrictive pattern of pulmonary function loss related to duration of work at this SiC production factory. These changes were particularly evident in never smokers and current smokers indicating an effect independent of smoking habit. Significant changes in pulmonary function were not present in ex-smokers, however, possibly due to the decision to stop smoking. Speizer et al found in a study of more than 6000 Americans from six different cities that pulmonary function improved after smoking stopped, an effect which was not adjusted in our linear regression models." Work related loss of pulmonary function appeared to be principally due to cumulative exposure to respirable dust. Never smokers had large, cumulative dust related lung function losses, and current smokers had decrements similar to those found relative to work duration. These findings were generally not statistically significant, however, possibly because of the smaller number of workers for whom cumulative dust exposure could be quantified, and greater statistical variance in the measure.
Low level cumulative and average SO2 exposures were not related to changes in lung function and no effects from a dust-SO2 interaction were observed.
Historical exposure estimates, which were derived from current measurements and adjusted for known technological changes at the plant, appeared to be reasonable. For most job categories, measurements obtained in 1980 and 1983 were similar suggesting that, in the absence of major technological changes, current exposure measures reflect those of the past. In addition, lung function changes occurring in workers hired before and after partial mechanisation in 1962 were similar, suggesting that both groups were exposed to similar levels of toxic dust.
Dust composition varied among job categories with carboselectors, in particular, exposed to a greater proportion of SiC and correspondingly less carbonaceous matter than other job categories. Such Osterman, Greaves, Smith, Hammond, Robins, Theriault differences in dust composition may have misclassified the relevant toxic portion of the respirable dust, leading to an underestimate of the true exposure-effect relation. This relation may have been further underestimated if workers with poor pulmonary health brought on by work related exposures had left the industry before our investigation, thereby excluding themselves from this study. Although other investigators have associated respirable dust exposure in SiC manufacture with radiographic evidence of pneumoconiosis and a restrictive pattern of lung function loss,-3 it is unclear why these changes occur. Generally, SiC has been considered inert with little or no fibrogenic potential.'2 This position is supported by early studies of animals exposed to high concentrations which found little or no pulmonary fibrosis.' '5 Such studies can only be regarded as inconclusive, however, because the latent period for fibrosis may be longer than the lifespan of the animals. On the other hand, early studies of workers manufacturing grindstones from SiC and aluminium oxide documented several cases of pulmonary fibrosis,""lO and a recent proportional mortality study of a grindstone manufacturing plant showed a twofold excess ofdeath from non-malignant respiratory disease.20 Unfortunately, these studies were not able to distinguish between the effects of aluminium oxide and SiC, although one author claimed that two workers with second stage pneumoconiosis were exposed to SiC dust only. '9 Recently, Funahashi et al reported on two workers who had been exposed to SiC dust only for 14 and 20 years in a factory manufacturing refractory bricks.2' Both complained of dyspnoea, had bilateral diffuse reticulonodular densities on chest x ray examination, and showed a restrictive pattern of lung function impairment with FVC measurements of83 % and 76% of predicted. An open lung biopsy of the first worker found large amounts of black material in the fibrosed alveoli which was shown by x ray diffraction to be almost exclusively SiC.
Bye et al have analysed dust samples collected from three Norwegian silicon carbide production facilities. 22 Using various techniques including scanning and transmission electron microscopy, energy dispersive x ray spectrometry, and electron diffraction they characterised fibres of alpha silicon carbide, 80% of which were less than 0 5 um in diameter and greater than 5 gm in length, in concentrations up to five fibres per cubic centimeter ofair. The toxic potential of these previously unknown SiC fibres may be similar to other fibrogenic dusts.
Although SiC was a major component of the respirable dust at the plant we studied, the dust also contained large amounts of carbonaceous matter and small quantities of quartz, cristobalite, and graphite. In conclusion, our findings suggest that a restrictive pattern of lung function loss is associated with duration of work and cumulative exposure to respirable dust in the SiC production industry. These findings suggest that long term exposure to respirable dust in this industry may affect the lung parenchyma leading to fibrosis and a loss of functioning lung units, a process consistent with the development of pneumoconiosis. Moreover, these changes occur at low levels of exposure, well below current permissible limits. Although the "active" ingredient in this dust is unknown, a review of published reports suggests that the silicon carbide portion may play an important part, possibly due to the recently described, fibrous nature of some SiC crystals. The small amounts of crystalline silica and graphite present in the dust may be contributing factors but appear unlikely, by themselves, to explain the observed changes. Current 715 permissible limits for exposure to the mixture of contaminants in SiC production do not appear to protect the health of SiC production workers.
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